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Abstract

Introduction

The lung appea rs to be the major dose- limitin g orga n in radiation of the tho rax. Ea rly responses (< I week) involve the type
II pn eumo cyte and increased surfactant biosy nth es is and sec retion. Later changes , which appear to be related to the surfa ctant response , lead to c lass ical radiation pneum o niti s, which is
ofte n fatal. Animals which surviv e radiation pneumonitis develop
progressive fibrosis , a late-appea rin g respo nse. which red uces
co mpli ance and available air space, and is usually fatal. This
stud y ce nte rs on th e fine stru ctural changes in the lun gs of
LAF I mice , 63 weeks following various radiati o n expo sures
(5- 13 Gy). Doses which are subthre sho ld in evo kin g surfa ctant
a nd pn eum o nitic res ponses precipitate fib ros is and atelec tasi s
by 63 weeks , and involve typ e II pn eum ocy tc slo ughin g and
dege ne ratio n . Of the two maj or deter rents to lun g ir rad iation
(pn eum oni tis a nd fibro sis), these res ults sugge st that fibrosi s
always follows pneumonitis, but pneumoniti s is not a necessary
pre limin a ry step to fibrosis . Bleomyc in e lici ts severa l morphologica l a ltera tion s c ha racteri stic of radia tion , and , w hen co mbined wit h th e latte r, appea rs to exacerbate rad iat io n effec ts.

It is well und e rstoo d that irradiati on ca n evo ke deleterious
effec ts o n nor mal tiss ues, which become dose-limiting in the
trea tment of neo plas ia by radiation. A site of co nsiderab le con ce rn to the radiation therap ist is the lung, espec ially the mor e distal respiratory reg ions. Previous studi es on the effects of radiation
o n lung tissue have indicated ea rly (pneum oniti c), inte rm ediat e
and late (fibro tic) responses (Rubin and Casare tt , 1968; Travis ,
1980a) . To date many investigations in anim al mode ls have concen trated on the radiation pneum onitis phase. For mouse studie s,
a co mm only used paramet e r, the LD 5o11so (dose leth al to 50 %
of the animals by 180 days) assay , reflec ts lun g dama ge durin g
the ac ute radiation pne umoniti s ph ase (P hillip s and Ma rgoli s,
1972; Field and Hom sey, 1977; Travi s, 1980a; Sie mann et a l. ,
1982). Studies evaluating lung lavage surfa cta nt leve ls soo n after
irradiation suggest an apparen t re lationship between the ac ute
radiation pneumonitis syndrom e and typ e II ce ll sur factant
release (Rubin et al. , 1980; Rubin et al. , 1983). These and other
studi es (Trav is et al. , 1977; Trav is, 1980b ; Gross , 1978: Penne y
and Rubin , 1977; Pe nney et al. , 1980 , 1981, and 1982a and b)
sugges t that type II pn eum ocytes play an important role in the
ea rl y pha se of the rad iation res ponse by the lun g. This ac ute
pha se of radiation -induc ed pulm onary tox ic ity may pro g ress to
irreversible fibrosis (Rubin and Casarett , 1968 ; Law et al. , 1976;
Travi s, 1980a) . Alternatively und e r ce rtain co nditi ons the radi ation pneumoniti s phase may be bypassed ; yet , eve n und e r these
c ircum stances, lung damage ca n occ ur (Trav is, 1980a ; Travis
et al. , 1980; Penney et al. , 1982b; Sie mann et al. , 1982). It is
the latent fibrosis, apparentl y irreve rsible , which may ultimat ely
be radiation dose-limiting for thi s orga n . Co nseq uently, the prese nt invest igatio n , an extension of previo us shor t-te rm st udi es
(Pe nney et al. , 198 1, 1982 a and b ; Siemann et al. , 1982), was
directed in particular toward eva luat ing in detail the ultra structural and morph ometric changes associated with the fibrotic
lun g.
Discove red in 1966, bleomycin (Ble noxan e; BLM) ha s bee n
effec tive in the treatment of vari ous malig nant di seases , such
as lymphom a and testicular and squamou s cell ca rcinoma s. It s
advantage in c ircumve ntin g neuroto xic ity, a particularly use ful
cha racteristic in multi-drug regim ens, is offse t by its pulmonar y
toxicity , w hich becomes the dose- limitin g factor (Co mis, 1978) .
SLM -indu ced pulmonar y fibro sis, type I pneumoc yte des tru ction and squ amou s metapla sia have be en studi ed exte nsive ly in
anima ls and man (Adamson and Bowden , 1974, 1977, 1979; Jone s
and Reeve, 1978; Luna et al. , 1972; Bedro ss ian et al. , 1973; Siki c
etal. , l978a andb ; Asoetal. , l976; Burger etal. , 198l; Samue ls
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et al., 1976; Raisfeld, 1979; Moseley et al., 1984; Thrall et al.,
1979; Daskal and Gyorkey 1978; Comis, 1978; Catane et al. ,
1979).In more recent studies (van Houtte, personal communication) , bleomycin has been shown to evoke a significant dose
response increase in surfactant secretion by day 6 post-administration as measured by phophatidylcholine (PC) concentrations
in bronchoalveolar lavages. Correspondingly, unlike radiation,
there was a progressive increase in lung tissue PC, indicating
that surfactant synthesis was probably stimulated. Van Houtte
also noted a slight , but progressive dose :response increase in
hydroxyproline content of lung tissue. The studies of van Houtte
et al. concentrated on early events, and the purpose of this report
is to focus on more latent changes .
Since a) BLM evokes several short term ( < 4 weeks) biochemical alterations in the lung which appear to replicate the
radiation response (van Houtte, personal communication) and
b) multimodality therapy is often the preferred treatment regimen, the potential latent additive or synergistic effects of BLM
and radiation have become increasingly important. Catane et
al. (1979),Jorgensen (1972)and Collis et al. (1983) have described
the synergistic or additive effects of BLM and radiation, especially when both were administered together or within a short
time interval. The present study addresses the responses when
the time interval is relatively long (in the life of a mouse) to
determine possible additive late effects. Prior to this report, no
long-term animal studies of combined effects have extended beyond 30 weeks. Toward that end, the latent effects of combined
modalities on the lung are described .

et al. , 1976)have postulated that BLM~induced pulmonary toxicity may be somewhat subthreshold in evoking clinical symptoms , but remains latent, becoming expressed when lungs are
subsequently irradiated . At 19 weeks PI (53 weeks following
BLM administration) the animals were sacrificed. The period
of 19 weeks PI was selected to correlate with earlier studies in
which fine structural changes associated with radiation pneumonitis were present (Penney et al. , 1981 and 1982b).
Morphology: Mice were killed by cervical dislocation . Tissue specimens were immediately taken from right lungs and immersed in 2 % glutaraldehyde fixative where mm 3 blocks were
dissected and processed as previously reported (Penney and
Rubin, 1977; Penney et al., 1981 and 1982b). Thick sections
(0.5- 1.0µm) were stained with methylene blue, azure II and basic
fuchsin for light microscopy . Thin sections (40-90 nm) were
stained with uranyl acetate and lead citrate and photographed
with a Zeiss JOAelectron microscope. For routine histologic
observations , larger specimens were processed for embedment
using the standard JB-4 plastic procedure . For scanning electron microscoy, specimens were fixed in 2 % glutaraldehyde overnight, rinsed in 2-3 changes ofO.l M phosphate buffer (pH 7.2),
dehydrated in increasing concentrations of ethanol , and critically
point dried using CO2 as the transition fluid . Specimens were
then sputter-coated with gold and observed and photographed
in a JEOL JSM-35CF scanning electron microscope .
Stereology: Measurements of the relative percentages of area
available for gaseous exchange per area of lung were made on
a Zeiss Videoplan Image Analyzer , using thick (I µm) plasticembedded sections. In measuring the air spaces available for
gaseous exchange, major blood vessels and air passages above
the level of terminal bronchioles were deleted , and therefore
account for the remaining percentages of the total lung area .

Materials and Methods
Animals: In concert with other ongoing and previous studies,
the male LAF I mouse strain was used for all experiments . Two
to ten animals were included in each group , the lower numbers
being the BLM long term studies for 109 weeks .
Radiation: Radiation treatmertt conditions employed have
been described in detail elsewhere (Siemann et al. , 1982). Briefly, the thoraces of unanesthetized mice were locally irradiated
using a 137Cs irradiator (Siemann and Kochanski, 1981). The
dosage rate was 4.13 Gy/min , and single total exposures of 5,
9 or 13 Gy were administered. Sham-irradiated animals served
as the time-matched control group. Animals were sacrificed 63
weeks post-irradiation (Pl).
Bleomycin Administration: Bleomycin was administered intravenously into the tail veins of mice at concentrations of 10,
30, 60, 100 or 150 mg/kg body weight in 0.9 % sterile saline.
Concentrations of the chemotherapeutic agent were prepared
so that the volume (0.25 ml) of the final injection into the mice
was constant. An equal volume of the vehicle was administered
for the control groups . Animals were sacrificed 30 or 109 weeks
following injection .
Bleomycin and Radiation: To determine whether or not pretreatment with BLM would significantly alter radiation-induced
changes, other groups of animals were administered BLM (150
mg/kg) via tail vein and 34 weeks later were irradiated at doses
of either 10 or 20 Gy. These two radiation doses were selected
since earlier studies have shown that the doses were insufficient
and adequate, respectively, to evoke surfactant secretion and
pneumonitis. The interval of 34 weeks between BLM administration and radiation exposure was chosen because some investigators (Catane et al. , 1979; Jones and Reeve, 1978; Iacovino

Results
Radiation
Survival Rates: One of the criteria by which radiation damage is measured is animal survival. In these studies percentages
of animals which survived various radiation exposures were
determined (Fig. I). A minimum of 70 animals was included
in each group. By 63 weeks PI , animal survival was essentially
unaltered following exposures of 9 Gy or less. However, doses
> 9 Gy elicit a significant dose-related decrement in survival
by this time . At exposures of 15 Gy or greater the survival rate
is 0 % (Siemann et al. , 1982; Penney et al. , 1982b).
Areas Available for Gaseous Exchange: Figure 2 clearly
shows decrements in available airspace by 63 weeks PI at all
exposures . Stereologic data for 9 through 15 Gy have been previously reported (Penney et al., 1982b), but are included here
for the purpose of comparing latent effects of 5 Gy exposures,
which were initially thought to be sufficiently low to circumvent a latent fibrotic response . Although the severity of airspace
loss appears to be dose-related , exposures as low as 5 Gy can
affect available airspace and therefore lung function, albeit insufficient to evoke morbidity (as assessed by breathing rates, not
reported here) or mortality by 63 weeks Pl. These results confirm the hypothesis that all radiation inflicts lung injury (Gross,
1978).
Histology: Compared to non-irradiated animals, the histologic appearance of lungs recovered from mice 63 weeks following exposure to 5, 9 or 13Gy was one of a dose-related thickening
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Fig. 1. Animal survival percentages 63 weeks post-irradiation (Pl).
Fig. 2. Stereologic measurement of airspace surface available for gaseous exchange expressed in percentage of total
lung area.

of septa ! walls , reduction in alveolar areas for gaseous exchange ,
and fusion of alveo li .
Scanning Electron Microscopy: Radiation-induced alterations in the architecture of the distal lung are rather dramatic
when observed with scanning electron microscopy. Sham-irradiated mice at 63 weeks do not exh ibit significant morphologic
change when compared to younger anima ls. The alveoli are prominent with ab undant microvascularization (Fig. 3).When compared to lun gs of age-matched mice following 5 Gy (Fig . 4) or
13 Gy (Fig. 5) exposures, there is a) a progressive increase in
the thickness of septa I walls, b) an increased atelectasis , particu lar ly in subp leural regions , and c) an increased size of alveoli .
The latter loss in septation probably ar ises from the coa lescence
of numerous distal sma ller alveol i, which would reduce, particularly following larger radiation exposures , the available surfaces for air exchange . These results further confirm our morphometric , histologic and fine structura l data.

Fig. 3-5: Scanning electron micrographs of lungs recovered
63 weeks PI.
Fig. 3. 0 Gy (sham-irradiated) exposure. The pleural lining
can be noted in the top right. Abundant alveoli and capillaries are present. Bar = 100 µm.
Fig. 4. S Gy exposure. Some thickening of the septal walls
and coalesced alveoli can be seen. Pleural surface is at upper left. Bar = 100 µm.
Fig. S. 13 Gy exposure. Considerable septal thickening, loss
of alveoli and alveolar coalescence are present. Bar = 100
µm.
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Bleomycin and Radiation

Transmission Electron Microscopy: In keeping with the histolog ic studi es, the fine stru ctural morphol ogy of lungs of shamirradiated animals sac rificed at 63 wee ks was esse ntially normal,
co nfirmin g mo rph ometri c data of available a ir space. Types I
and II pneumocy tes, vasc ular e ndot he lial ce lls, alveo lar macrophages and septa! ce lls all appea red norm a l (Fi g. 6) a nd almos t
indi stingui shable from those ce lls in lungs of younge r anima ls.
Rad iation-induced fibros is was prese nt in all irradiated lungs ,
be ing more prom ine nt and mo re co mpac tly orga nized following
the large r expos ur es (F igs . 7 and 8). Fro m tim e to tim e, co llagen was prese nt within air spaces (F igs. 8 and 9), and appeared
to occ ur via disco ntinuities or separa tio ns of type I lin ing pneumocy tes and basa l lamin ae.
Type II pn eumocy tes also ex hibit ed ra ther d ra matic latent
modifi cation s. Sur facta nt-co ntaining lamellar bodies frequently
co nta ined atypica l sma ll clusters of mem bra nes, quit e d iffere nt
from the norma l or ientation and from multivesicular bod ies from
which lame llar bod ies are tho ught to arise. Th ese changes are
sim ilar to those to be desc ribed later following bleo mycin admin istration withou t or with radia tion . In add ition , lame llar bod ies
freq uently appea red to coa lesce to form huge memb ra ne-co ntain ing bodi es, suffi cie ntly la rge to displace th e nuc leus (F ig.
10). Ev idence of degrada tion, di s integra tion , and sloughing of
type II pneumocytes was frequently enco unte red , similar to that
observed when BLM and radia tion are co mbin ed as shown later.
T he a lveo lar wall neve r appea red to be denud ed when type II
ce lls were sloughed o r shed in thi s manner, but was cove red
by type I ce lls.
Occas ionally the basa l lamin ae benea th the a lveo lar epith elial
linings we re co nsiderab ly thicke ned in irradi ated lungs (F igs.
7 and 8) . To what ex te nt this phenome non m ight a lter gaseo us
exc hange and/or per meabi lity has not yet bee n de term ined, although other stud ies have de monstrated altera tio ns in the quantity
and composition of the basa l laminar proteog lycans which cou ld
influence permeab ility (Pen ney and Rosenkrans , 1984; Rosenkra ns and Penney, 1985).
Some endot helial ce lls ex hib ited foca l pin ocytic and coa ted
vesic les and a lmost all possessed num ero us m icrovi llous projec tions, but lac ked any indi ca tion of di sco nt inuit y o r d isintegra tion . Endothelia l bleb bin g was also pr ese nt.

Lungs irr ad iated sub se qu ent to BLM admini stration evo ked
no animal mortalit y by 19 weeks PI , and prese nted severa l characteristics whi ch have bee n assoc iated with a radi ation respo nse,
such as type II pneum ocy te d isinteg ration and sloughing, end othe lia l blebbin g and filip odi a , increase d se pta! co llage n , thi ckened ba sa l lamin ae, extravasa tio n of e rythro cytes into a lveo lar
spaces, and increased amounts of intravasc ular eryth rocytes and
th ro mb ocy tes (F igs . 14- 16). Although so me type II ce lls appea red no rm al, others ex hibit ed chara cte ristics of imp a ired
lamellar body form ation (F ig . 14) which has bee n shown to be
rad iation-indu ced (Penney et al. , 1982b). Alveo lar macro phages
are pr ese nt in alveo li and se pta! walls. Th e degree to which fibrosis is developed at 19 weeks PI is co nsiderably greater in BLMtrea ted anim als than in anim als ex pose d to rad iation alone (Penney et al. , 1981), suggesting potentiation of ELM-indu ced inj ur y
when followed by rad iation in the indu ction of pulm onary fibrosis, a phenomenon also reported for bleo mycin thera py following radi ation (Ca tane et al. , 1979; Samu els et al. , 1976) .

Discussion
Radiation- induced damage to normal lung tissue is com monly
acknowledged , although ultras tru ctural supp ort for the deve lopment of ve ry late effec ts of radiation , parti cular ly fibros is, has
bee n sparse. Prior studi es a) established that stru ctu ral and functional cha nges of type II pn eum ocy tes we re among the ea rli es t
de tec tab le effects of rad iatio n expos ur e to th e lung, and b) describ ed fine struc tu ra l and morph ometri c changes durin g the

Fig. 6-10: Transmission electron micrographs of lungs recovered 63 weeks Pl.
Fig. 6. 0 Gy. Type II pneumocyte (right center) containing
prominent lamellar bodies, an alveolar macropha ge (left
center), type I pneumocytes (arrowheads), and capillary
(asterisk) ca n be observed. Bar = S µm.
Fig. 7. S Gy. Increased thickening and collagen and elastin
content of septa! walls, with capillarie s containin g higher
numbers of erythrocytes and thrombocytes and focal thickening of the basal laminae (arrows) can be noted. Bar = S µm.

Bleomycin
Although no dea th s occ urr ed in anim a ls g iven BL M, lungs
fro m anima ls sacri ficed 30 weeks follow ing IO, 30, 60, 100
or 150 mg/ kg BL M ex hibited dose-re lated changes, includ ing
increased se pta ! co llage n , occas io na l extravasa t ion of
ery th rocy tes into alveo li , di sintegrat ion and s loughin g of type
II pneumocytes and invasion of fibroblasts and macro phages into
the septa! wall . Th e basa l lamin ae also appea red to be focally
thickened (Fig . II) . By 30 wee ks follow ing BLM admini stration,
the popul ation s of intrace llul ar lam ellar bodie s in type II pneumocytes had been restored following ea rlier depletion . No significant or atypica l dam age to endothe lial ce lls o r type I pneumocytes was obse rved . Endothelial proj ectio ns and blebbin g, so
pro min e nt at thi s tim e in irradi ated lungs, we re also prese nt ,
but less co mm on in BLM-tr ea ted animal s.
Tiss ues from mice recove red 109 wee ks follow ing BLM admini stration were more fib ro tic than th ose recove red 30 wee ks
following equal doses of the dru g BLM (Figs . l2 and 13). No significa nt long term damage to type I pneumocytes o r end othelial
ce lls was apparent. Coa lesce nce of small alveo li to c rea te large r
a irspaces was more co mm o n in the long term spec imens.

Fig. 8. 13 Gy. Considerable compact collagen bundles in
septa! walls, and occasionally (arrows) within alveoli, usually
at points of discontinuit y of type I pneumoc ytes. Bar = 10
µm.
Fig. 9. 13 Gy. Extensive collagenou s infiltration of an alveolus and two alveolar macrophage s can be observed in the
region. Bar = S µm.
Fig. 10. 13 Gy. Often aberrant lamellar body formation results in huge structures which can displace the nucleus. Normal appearing lamellar bodies appear within the cytoplasm
of the same cell. Bar = S µm.
Fig. 11. Bleomycin (100 mg/kg) , 30 weeks post-admini stration. Increased collagenou s deposition within septa! walls,
with a widening of the basal laminae (arrows) can be noted.
Bar = S µm.
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pne umoniti c stage (Penney and Rubin , 1977; Rubin et al. , 1980
and 1983; Penney et al. , 1981; Shapiro et al. , 1982). Curr ent
studi es extend those invest igat io ns to a description of the late
effec ts of radiation , and co upl e those studi es with descriptions
of the long -term effects of bleomycin a lone and in comb inatio n
with radiation.
By 63 weeks PI , late effects of radiation are clearly apparent
at the doses administered. Based on these and previous studies ,
sur viva l rates for irradiated mice following 13 Gy exposu re de crease sharp ly, although , in our hands, those deaths do not occur
prior to 22 weeks PI. Althoug h anima l sur vival is not compromised at exposures < 9 Gy, the loss of avai lable airspace
and sep ta! wall thickening sugges t late nt damage is being expressed , but insufficien t to evoke morbidity or mortality. Wheth er o r not the mortality curve for 13 Gy is replicated at times
> 63 weeks PI for exposu res below 13 Gy remains undeter mined. Mice also survived bleomycin quite well , despite morphologic changes. Survival of mice exposed to BLM followed
by radiation 34 weeks later indicated that despite additive lung
injury , mortality was not acce le rated , at least by 19 weeks PI.
Clearly these studi es confirm our earlier view that the two
major radiation-induced seq uclae , pneumonitis and fibrosis, can
be uncoupled. Although fibrosis always follows pneumonitis ,
it may also occur in the absence of a pneumonitic response.
Gross (1978) has postulated that all radiation expos ures evoke
radiatio n damage , the exten t of which is dose-dependent. Based
on these and other studies (Pe nney and Rosenkrans, 1984; Rosenkrans and Penney, 1985; and unpublished results) , edem a,
changes in both the alveolar and capillary basal laminae , loss
of surfaces for gaseous exchange , and increases in pinocytic and
coated vesicles are demonstrab le for exposures at and below
5 Gy. These changes, although insufficient to produce pneumo nitis, may affect permeability and /or other factors to the extent
that latent fibrogen esis is trigg ered . As would be pr edict ed , the
response appears to be dose-related in its severity. Exposure s
> 12 Gy evoke a surfactant release whic h appears to eli c it the
histologically-evident pneumonitic response.
The fibrogenic capacity of bleomycin in the lung has been
wide ly acknowledged . Contrary to the reports of severa l investigators (Adamson , 1984 , and Bowden , 1984, for reviews) , our
studies did not reveal damage to type I epithelial or endothe lial
ce lls. Inasmuch as our studies were of significantly longer duration than have been reported heretofore , perhaps such damge ,
if evoked, had been repaired.
The molecular and ionic changes evoked by BLM have been
described by other investigators (Wesselius et al. , 1984; Raisfeld,
1979). It would appear that a cascade of changes may be evoked ,
as in radiation (Ts'ao et al. , 1983), which may be somewhat
genera l in natur e, but sufficient to induce or initi ate a fibrotic
res pons e . The precise role(s) of macrophage destruction (Pe nney et al., 1982b), prostacyclin synthesis (Ts'ao et al. , 1983) and
gra nulocyte chemotax is (Wesse lius et al. , 1984) following radiation and /or BLM remain unclear.
The syner gist ic evoca tion of pulm onary damage and tumor
reduction in non -pulmon ary sites when radiation is coupled with
bleomycin, administered eit her toget her or w ithin short intervals, is well support ed (Co llis et al. , 1983 , Iacov ino et al. , 1976;
Jorgensen , 1972; van Houtte et al. , personal comm unica tion) .
The present studi es clearly demonstrate th at the effects of the
two age nts ca n be add itive even whe n their administration is

separated by re lative ly long intervals. These results sugges t a
remembered "se nsitizat ion" of the tissues which is unl eas hed
when a seco nd fibrogenic indu cer is administered. The c lini ca l
sign ifica nce of these findings strongly suggests additional ca ution
in the seq uenci ng of therapeutic regime ns involving co mbin ed
modalities.
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Fig. U. Bleomycin (30 mg/kg), 109 weeks post-admini stration. Increased collagen and elastin in the septa] walls are
noted, along with endothelial projections. No damage to type
I or endothelial cells was noted. Bar = 5 µm.
Fig. 13. Bleomycin (150 mg/kg), 109 weeks post-admini stration. Intact endothelial and alveolar lining cells were observed. The thickened septa! walls exhibit numerous bundles
of collagen and infiltrative cells, primaril y fibrobla sts and
se pta] macrophages. A normal-appearing type II pneumocyte is in the center of the field. Bar = 10 µm.
Fig. 14. Bleomycin (150 mg/kg), irradiated at 10 Gy 34 weeks
later, and sacrificed 19 weeks PI. Atypical lamellar body formation consisting of vesicular, rather than lamellar configurations. Septa] wall fibrosis with some edematous swelling. Bar = 5 µm.
Fig. 15. Bleomycin (150 mg/kg), irradiated at 10 Gy 34 weeks
later, and sacrificed 19 weeks PI. Atypical lamellar body formation in some type II pneumocytes , interstitial edema, and
alveolar macrophage can be noted. Bar = 10 µm.

Fig. 16. Bleomycin (150 mg/kg), irradiated at 20 Gy 34 weeks
later, and sacrificed 19 weeks PI. Type II pneumocyte desquamation, extensive endothelial microvillous projections,
erythrocyte infiltration of alveoli, and a septa] macrophage
(X) can be noted. Bar = 10 µm.
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